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FOREWORD 


This  program  was  conducted  as  part  of  Contract  DAHC04- 
69-C-0087  from  the  U-S.  Army  Research  Office,.  Durham, 
North  Carolina,  under  the  technical  cognizance  of 
Mr.  James  Murray.  The  work  was  performed  by  the 
Boeing-Vertol  Acoustics  and  Aerodynamics  Research 
Staffs.  The  principal  investigator  and  prime  author 
was  Mr.  Harry  Stemfeld,  Jr.,  Supervisor  of  Acoustics. 
Individual  contributors  to  each  section  were: 

Rotor  Noise  Prediction:  D.  Carmichael 

Model  Scaling:  T.  Fukushima, 

H.  Sternfeld 

Effects  of  Rotor  Design:  R.  Spencer, 

H-  Sternfeld 

Impulsive  Noise:  C.  Bobo, 

T.  Fukushima 
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ABSTRACT 


This  study  is  a  natural  extension  of  the  program  to  inves¬ 
tigate  noise  generation  on  a  hovering  rotor  reported  in 
Reference  1.  That  program  acquired  data  on  a  large  (60  ft.) 
diameter  rotor  operating  on  a  whirl  tower,  and  evaluated 
that  data  in  the  light  of  established  analytical  procedures. 
The  work  described  in  this  report  compares  the  Reference  1 
information  with  other  available  data  in  order  to  investi¬ 
gate  the  effects  of  variations  in  rotor  design.  This  data, 
which  was  available  from  other  test  programs  included 
variations  in  number  of  blades  of  similar  airfoil,  airfoil, 
and  planform.  Also  included  is  an  evaluation  of  model 
testing  by  comparison  of  the  results  of  the  full  size 
helicopter  rotor  with  a  one- eleventh  scale  model. 

?.  separate  portion  of  the  original  test  program  evaluated 
the  effect  of  tip  vortex  strength  and  trajectory  on  the 
impulsive  (or  "banging")  noise  generated  by  a  hovering 
rotor.  It  was  found  that  although  intersections  between 
the  generated  vortex  and  a  following  blade  occurred  over 
a  wide  range  of  operating  conditions,  this  condition,  by 
itself,  did  not  result  in  the  generation  of  an  impulsive 
acoustical  signature.  Reference  1  hypothesized  that  this 
noise  might  be  associated  with  an  attached  shock  wave 
which,  under  certain  conditions,  might  undergo  rapid 
chordwise  displacement  thereby  radiating  sharp  pressure 
disturbances.  This  concept  is  further  examined  in  Section 
5  of  this  report. 
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2.0  ROTATIONAL  NOISE  PREDICTION  METHODS 


2.1  INTRODUCTION 

The  problem  of  predicting  helicopter  rotor  rotational  noise 
has  been  treated  by  numerous  investigators,  one  of  the  roost 
comprehensive  studies  of  the  subject  being  that  of  Lowsoii 
and  Ollerhead  (Reference  2) .  After  carefully  deriving  the 
equations  governing  rotor  noise  generation,  they  develop 
two  different  calculation  methods.  The  first,  code  named 
HERON  I,  is  designed  to  do  very  exact  calculations  u?ing 
high  speed  digital  computers.  The  limitation  of  this  method 
is  that  it  requires  extensive  aerodynamic  blade  loading  data 
for  input,  which  is  generally  not  available,  or  at  best, 
exists  for  only  several  harmonics  of  the  rotational  fre¬ 
quency.  On  the  other  hand,  in  their  HERON  II  method,  they 
make  a  variety  of  blade  loading  assumptions  and  computa¬ 
tional  simplifications  to  come  up  with  a  series  of  design 
charts  which  are  quite  simple  and  convenient  to  use. 
Reference  1  shows  that  noise  predictions  based  on  the 
HERON  II  method  agree  quite  well  with  measured  data  for 
the  first  3  or  4  harmonics  of  noise,  after  which  the  method 
progressively  underpredicts. 

The  primary  objective  of  the  present  study  is  to  develop  a 
method  which  produces  accurate  predictions  for  more  noise 
harmonics  than  HERON  II  does,  without  requiring  a  great 
body  of  aerodynamic  loading  data,  as  required  by  HERON  I. 

In  particular,  there  is  a  need  to  determine  if  the  inaccu¬ 
racies  of  HERON  II  are  due  to  the  blade  loading  assumptions 
used,  or  to  the  computation  simplifications  used,  or  to 
both.  With  these  objectives  in  mind,  the  following  plan 
of  work  has  been  followed: 

(1)  Develop  a  versatile  computer  program  which  would  per¬ 
form  the  same  basic  functions  as  HERON  I  but  without  re¬ 
quiring  a  large  computer  with  disk  storage.  This  program 
would  have  advantages  over  HERON  I  such  as  fast  turnaround 
time  and  the  facility  for  multiple  and  frequent  changes, 
and  would  thus  be  a  useful  tool  for  performing  parametric 
studies  to  evaluate  the  influence  of  each  variable  on  noise 
generation. 

(2)  Perform  sensitivity  studies  to  evaluate  the  importance 
of  planform  loading  distributions,  phasing  of  blade  loading 
harmonics,  etc.,  on  noise  generation. 

(3)  Modify  the  computer  program  to  have  the  capability  of 
assuming  a  generalized  blade  loading  distribution,  so  that 
only  basic  operational  parameters  (thrust,  RPM,  dimensions, 
velocities)  need  be  used  for  input. 
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2.1 


INTRODUCTION  (Continued) 


(4)  Chv^fk  out  Lowson  and  Ollerhead's  ccmputationai  simpli¬ 
fications  by  comparing  exact  with  simplified  calculations. 

(5)  Adjust  blade  loading  assumptions  to  make  noise  predic¬ 
tions  agree  with  measured  data,  thus  empirically  deriving 
blade  loadings  from  noise  data. 

It  was  found  that  Lowson  and  Ollerhead's  ccmputationai 
methods  are  generally  quite  accurate,  and  that  greatly 
improved  correlation  with  measured  data  is  possible  through 
small  changes  in  the  assumptions  of  blade  loading  harmonic 
decay.  Noise  predictions  were  found  to  be  very  sensitive 
to  the  precise  blade-,  loading  harmonic  assumptions  used. 

This  fact  helps  to  explain  the  large  scatter  observed  in 
the  measured  data,  since  blade  loadings  are  undoubtedly 
affected  by  wind  conditions,  interaction  with  the  wakes  of 
other  blades,  and  ocher  random  phenomena. 

2.2  DEVELOPMENT  OF  A  COMPUTER  PROGRAM 

A  computational  tool  such  as  HERON  I  was  needed  to  carry 
out  the  desired  studies,  but  HERON  I  was  found  to  be  rather 
awkward  to  use  because  of  the  large  ccmputationai  require¬ 
ments.  Therefor';,  Lowson  and  Ollerhead's  basic  equations 
were  re-programmed  using  a  much  simplified  calculation  pro^ 
cedure  requiring  less  storage  and  calculation  time,  and 
thus  suitable  for  a  WATFOR  compiler  system  of  FORTRAN  IV, 
which  has  the  advantages  of  simplified  input  formating  and 
very  fast  turnaround  £ime.  In  addition,  this  system  allows 
for  program  changes  by  simply  switching  or  adding  cards. 
Thus,  various  assumptions  of  rotor  aerodynamic  loading  could 
be  built  into  the  program,  while  maintaining  a  high  degree 
of  mathematical  accuracy.  Ultimately,  after  many  modifica¬ 
tions,  this  program  was  used  as  the  framework  for  the  des¬ 
ired  prediction  method. 

The  heart  of  this  program  (as  well  as  HERON  I  and  HERON  II) 
is  equation  21  of  Reference  2,  which  can  be  written  in  the 
following  form: 

P  z  -  Ij  /ilL-tiL 

47raor*  Sl-M,)1  \  J-fc  I j 
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2.2  DEVELOPMENT  OF  A  COMPUTER  PROGRAM  (Continued) 

where  p  is  the  instantaneous  pressure  at  a  point  X£  due  to 
a  force  disturbance  Fi  at  a  point  which  occurred  at  some 
previous  time.  Lov/son  does  not  use  this  equation  directly, 
but  develops  othor  equations  from  it,  employing  retarded 
times,  Bessel  functions,  and  a  variety  of  coordinate  systems. 
The  newly  developed  program,  however,  does  use  the  above 
equation  directly.  For  each  of  a  predetermined  number  of 
azimuthal  positions  of  the  most  outboard  radial  station, 
the  program  calculates  and  stores  sound  pressures  and  pro¬ 
pagation  times  to  produce  a  pressure- time  history,  adds  the 
effects  of  the  other  radial  stations  to  produce  a  pressure¬ 
time  history  for  one  blade,  and  then  adds  in  the  effects  of 
the  other  blades,  taking  into  account  the  appropriate  phase 
shifts.  Finally,  after  the  program  has  produced  the 
pressure- time  history  for  one  blade  passage  period,  it  per¬ 
forms  a  Fourier  analysis  to  get  the  level  of  each  sound  har¬ 
monic. 

2.3  SENSITIVITY  STUDIES  OF  AERODYNAMIC  LOADINGS 

One  of  the  most  fundamental  requirements  of  any  rotor  noise 
computational  program  is  aerodynamic  blade  loading  data  as 
a  function  of  position  and  time.  Aerodynamic  is  ts  have 
learned  to  predict  with  varying  degrees  of  accuracy  such 
parameters  as  lift  and  drag  coefficients,  aerodynamic  angles 
of  attack,  and  local  velocity  components  at  various  loca¬ 
tions  over  the  rotor  disk.  From  such  data,  aerodynamic 
forces  (lift  and  drag)  can  be  calculated.  A  number  of 
questions  arise,  however,  regarding  the  suitability  of 
such  data  for  calculating  noise.  Certain  parameters,  which 
may  need  to  be  specified  with  great  accuracy  to  calculate 
rotor  performance  can  perhaps  be  ignored  in  calculating 
noise,  while  other  parameters  which  have  a  significant 
effect  on  noise  generation  may  be  to  a  large  extent  un¬ 
known  because  there  never  has  been  a  need  to  define  them. 
Therefore,  the  major  objective  of  this  section  is  to  eval¬ 
uate  the  sensitivity  of  noise  generation  to  a  number  of 
different  aspects  of  aerodynamic  blade  loadings. 

Radial  distribution  of  airloads  is  fairly  well  understood. 
Figure  2.1  shows  a  typical  distribution  of  lift  and  drag 
on  a  blade  as  predicted  for  a  hovering  rotor,  in  this 
case,  the  lift  forces  ar?  defined  as  being  those  which  are 
parallel  to  the  rotor  shaft,  and  the  drag  forces  are  de¬ 
fined  as  being  in  the  plane  of  the  rotor.  Only  a  small 
part  of  the  drag  shown  is  due  to  form  drag;  most  of  the 
drag  is  from  the  induced  forces  in  the  drag  direction. 

The  radial  lift  and  drag  distributions  can  be  varied 
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2.3 


SENSITIVITY STUDIES  OF  AERODYNAMIC  LOADINGS 
(Continued) 

somewhat  by  varying  twist,  RPM,  airfoil  shape,  etc.,  accor¬ 
ding  to  the  performance  requirements  of  the  helicopter. 

Such  changes  can  have  quite  significant  effects  on  perfor¬ 
mance.  On  the  other  hand,  performance  is  relatively  insen¬ 
sitive  to  minor  perturbations  of  blade  loading  as  the  blade 
rotates,  since  these  effects  tend  to  cancel  each  other  and 
have  little  or  no  net  effect  on  aircraft  performance.  How¬ 
ever,  it  is  believed  that  these  azimuthal  perturbations  have 
a  great  deal  of  effect  on  noise  generation.  To  more  fully 
understand  the  situation,  numerous  hypothetical  blade  load¬ 
ings  as  a  function  of  position  and  time  have  been  used  as 
input  to  the  computerized  prediction  method,  and  the  re¬ 
sults  are  presented  below. 

2.3.1  Radial  Distribution  of  Loads 

Noise  calculations  were  made  for  the  steady  blade  loadings 
presented  in  Figure  2.1,  for  incremental  1  ft.  blade  sec¬ 
tions.  Both  incremental  and  cumulative  effects  are  pre¬ 
sented  in  Figure  2.2.  It  is  to  be  observed  that  the  areas 
near  the  tip  are  by  far  the  most  important,  in  fact,  ig¬ 
noring  the  inner  two-thirds  of  the  blade  produces  an  error 
of  less  than  1  dB.  It  was  suspected  that  within  practical 
limits  the  shape  of  the  spanwise  loading  distribution  has 
a  relatively  minor  effect  on  noise.  Partly  to  evaluate 
this  hypothesis,  noise  was  calculated  for  several  spanwise 
loading  approximations  shown  in  Figure  2.3.  Table  2-1 
compares  calculated  noise  levels  of  these  simplified  load¬ 
ings  with  the  levels  of  the  complicated  loading  shown.  It 
is  apparent  that  such  complicated  loadings  can  indeed  be 
approximated  by  simplified  geometrical  patterns  without 
serious  errof.  Section  4  discusses  the  effects  of  blade 
design  on  a  spanwise  loading  distribution.  Since  spanwise 
loading  differences  are  normally  rather  small  between  heli¬ 
copter  rotors  (because  of  design  restraints  imposed  for 
performance  and  structural  reasons) ,  only  very  minor  dif¬ 
ferences  would  be  expected  in  noise  generation.  However, 
if  major  design  differences  exist,  such  as  would  be  found 
between  a  helicopter  rotor  and  the  highly  twisted  configura¬ 
tion  used  for  tilt  rotor  vehicles,  perhaps  the  effects  on 
noise  would  be  noticeable,  since  the  center  of  lift  could 
be  moved  inboard,  where  the  velocity  is  less. 
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2.3.2  Harmonic  Distribution  of  Loads 


Tb  evaluate  the  sensitivity  of  noise  generation  to  the 
order  of  blade  loading  harmonics,  noise  spectra  were  cal¬ 
culated  for  individual  harmonics,  one  at  a  time.  The  re¬ 
sults  are  shown  in  Figure  2.4  for  a  load  of  1000  lb.  (peak) 
exerted  at  the  tip.  it  is  noteworthy  that  noise  generation 
sensitivity  increases  with  blade  loading  harmonic  number. 
This  is  undoubtedly  because  there  is  a  frequency  term  in 
the  force  derivative,  dF/fct,  appearing  in  the  above  equa¬ 
tion  of  Lowson  and  Ollerhead.  In  reality,  blade  loading 
harmonics  drop  off  rapidly  with  frequency,  but  are  still 
very  important  for  noise  generation,  not  only  because  of 
the  above  reason,  but  also  because  for  the  higher  noise 
harmonics  in  particular,  many  loading  harmonics  can  have 
a  large  cumulative  effect,  even  though  no  particular  load¬ 
ing  harmonic  is  likely  to  be  very  important  by  itself. 

2.3.3  Phasing  of  Loading  Harmonics 

A  study  was  performed  to  determine  if  the  phasing  of  any 
one  loading  harmonic  with  respect  to  the  observer  has  a 
significant  effect  on  the  observed  noise.  Harmonic  loads 
of  varying  phase  angle  were  fed  into  the  computer  program. 
The  results,  are  shown  in  Table  2-II.  The  conclusion  is 
that  any  phase  angle  can  be  used  without  serious  error. 

Another  study  was  performed  to  see  if  the  relative  phasing 
of  two  or  more  loading  harmonics  with  respect  to  each  other 
is  important.  In  this  case,  very  large  differences  in 
noise  level  were  observed.  Table  2-III,  apparently  because 
of  localized  cancellations  and  additions.  Since  precise 
harmonic  phasing  of  the  airloads  cannot  be  determined 
(being  to  a  large  extent  a  function  of  wind  and  other 
random  factors) ,  the  most  logical  assumption  is  that  each 
loading  harmonic  is  randomly  phased  with  respect  to  the 
others,  of  course,  such  an  assumption  is  not  necessarily 
true  for  a  specific  situation.  Relative  phasing  of  load¬ 
ing  harmonics  could  certainly  be  a  factor  in  the  large  ob¬ 
served  scatter  of  experimental  data. 

2.4  MODIFICATION  OF  COMPUTER  PROGRAM  TO  USE  SIMPLIFIED 
INPUTS _ 


2.4.1  Basic  Approach 

The  level  of  each  noise  harmonic  in  the  non-rotating  system 
is  made  up  of  contributions  from  a  number  of  different 
blade  loading  harmonics.  If  it  is  assumed  that  these  load¬ 
ing  harmonics  are  phased  randomly  with  respect  to  each 
other,  then  the  level  of  each  noise  harmonic  can  be  ob- 


2.4.1  Basic  Approach  (Continued) 

tained  by  adding  incremental  contributions  from  the  signi¬ 
ficant  loading  harmonics  on  an  energy  (pressure  squared) 
basis.  Therefore,  a  decision  was  made  at  the  end  of  the 
sensitivity  study  to  modify  the  program  to  have  the  compu¬ 
ter  perform  such  a  function,  while  at  the  same  time  making 
generalized  assumptions  about  the  spanwise  loading  distri¬ 
bution  and  the  blade  loading  harmonic  decay,  thus  producing 
a  program  which  would  serve  the  same  function  as  HERON  II. 

Starting  with  the  steady  loading  component,  the  program  cal¬ 
culates  the  noise  spectrum  for  each  blade  loading  harmonic, 
the  total  number  of  which  is  a  function  of  the  number  of 
blades  and  the  number  of  noise  harmonics  desired.  Values 
of  pressure  squared  are  stored  in  a  two-dimensional  array 
as  a  function  of  blade  loading  harmonic  number  and  noise 
harmonic  number.  Finally,  these  values  are  sorted  and  the 
level  of  each  noise  harmonic  is  obtained  by  adding  the 
incremental  contributions  from  the  various  loading  harmonics. 

2.4.2  Assumed  Loading  Laws 

The  program  was  initially  modified  to  assume  six  radial 
loading  positions  on  each  blade,  using  the  distribution 
described  by  curve  C  of  Figure  2.3.  Later,  it  was  found 
that  computer  time  could  be  saved,  without  serious  loss 
of  accuracy,  by  asstiming  a  concentrated  load  at  a  single 
point  on  each  blade.  The  critical  assumption  turned  out 
to  be  the  decay  rate  of  the  loading  harmonics.  Figure  2.5 
shows  the  markedly  different  noise  spectra  that  were  cal¬ 
culated  using  loading  laws  which  differed  only  slightly 
from  each  other.  Curve  A  is  based  on  the  same  loading  law 
used  for  HERON  II.  Here,  the  first  loading  harmonic  has 
a  peak  value  equal  to  the  steady,  and  the  other  harmonics 
decay  at  a  rate  proportional  to  A“2*5,  \  being  equal 

to  1  for  the  first  loading  harmonic,  2  for  the  second,  etc. 
Curve  B  shows  the  effect  of  assuming  a  decay  rate. 

Curve  C  shows  the  additional  effect  of  beginning  the  decay 
with  the  first  rather  than  the  second  loading  harmonic. 

(In  other  words,  the  first  loading  harmonic  has  a  peak 
value  of  1/4  of  the  steady,  the  second,  1/9,  etc.).  This 
latter  choice  appears  to  produce  excellent  agreement  of 
calculated  with  test  data,  as  can  be  seen  in  Figures  3.7- 
3.9. 
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2.4.2  Asstased  loading  Laws  (Continued) 

It  is  interesting  to  note  that  Lawson  and  Ollerhead  recoo- 
nend  a  X  decay  rate,  based  on  data  of  Scheiman.  *  i&e. 
reason  they  use  a  A  '“2.5  rate  for  HERO®  II  i?  to 

account  for  assumed  random  phasing  (lack'  of  correlation) 
of  noise  generated  at  different  stations  -along  the  span  of  . 
the  blade.  However,  it  is  smite  likely  that  correlation 
is  actually  good,  since  nost  of  the  noise  is  generated  over 
a  relatively  snail  part  of  the  blade  near  the  tip. 

2.4.3  Computational  Simplifications 

B 

Lowson  and  Ollerhead  use  several  computational  simplifica¬ 
tions  which  deserve  closer  investigation,  although  they 
sees  reasonable.  One  of  their  more  basic  assumptions  is 
that  drag  forces  are  equal  to  1/10  of  the  lift  forces. 

Figure  2.1  indicates  that  this  is  a  fair  assumption.  To 
further  check  on  the  validity  of  this  assumption,  a  com¬ 
parison  has  been  made  between  noise  levels  calculated  using 
the  actual  lifts  and  drags  shown  in  Figure  2.1  and  noise 
levels  calculated  using  the  same  lifts  but  drags  equal  to 
1/10  of  the  lifts.  The  maximum  error,  occurring  in  the 
plane  of  the  rotor,  where  only  the  drag  forces  are  of  sig¬ 
nificance,  is  still  less  than  1  d3-  At  large  angles  from 
the  rotor  plane,  the  drag  forces  have  very  little  influence 
at  all  on  the  noise  radiation.  ■ 

0 

Another  assumption  used  by  Lowson  and  Ollerhead  is  that  the 
lift  and  drag  forces  are  concentrated  at  the  30%  radius 
position  on  the  blades.  To  check  out  this  assumption,  noise 
calculations  were  performed  with  the  loads  .concentrated; -at 
several  radial  positions  (90%,  85%,  80%,  75%).  -  In  Table 
2-IV,  these  noise  levels  are  compared  with  noise  levels  cal¬ 
culated  using  six  radial  loading  positions,  based  on  the 
distributions  of  Figure  2.1  and  Carve  C  of  Figure  2.3. 

The  80%  choice  appears  to  be  quite  good  for  some  of  the 
higher  harmonics,  but  the ; predictions  seem  to  be  a  bit  low 
for  the  lower  harmonics.  The  errors  are  not  very  great 
for  any  of  the  cases,  however,  so  this  seems  like  a  reason¬ 
ably  good  assumption. 

Lowson  and  Ollerhead  discuss  the  matter  of  the  number  of- 
loading  harmonics  needed  to  calculate  a  given  noise  har¬ 
monic,  and  come  up  with  the  following  relationship  for  the 
range  needed:  ,  „  .  _  „ 

m  B  0  -  M  V  ^  X^mBO  +  rfi 
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2-4-3  Cnmswstatioaal  Simplifications  (continued) 


where  eb  is  the  order  of  the  noise  harmonic,  S  is  the  mate 
of  blaSes,  56  is  the  tip  Mach  number,  and  X  represents  the 
reside  of  loading  harmonics  needed.  Ihas,  to  calculate  the 
tenth  noise  harmonic  for  a  three  bladed  rotor  with  a  tip 
grace  matcher  of  -76,  loading  harmonics  Earner  7-53  would  he 
needed-  However,  Eowscn  and  Ollefhead  base  this  conclusion 
on  the  assumption  that  all  loading  harmonics  are  of  emual 
amplitude,  when  in  fact  they  are  normally  dropping  off  with 
increasing  frequency.  therefore,  a  simple  study  has  seen 
performed  to  determine  if  such  a  large  nsHicer  of  loading 
harmonics  is  really  needed.  Gsimg  the  decay  rate, 

no|se  has  been  calculated  for  a  large  nsstmer  of  indivichai 
loading  harmonics,  and  the  contributions  added  together, 
starting  with  the  steady  loading,  to  determine  the  point 
where  individual  loading  harmonics  are  no  longer  signifi¬ 
cant  -  Results  are  shewn  in  Figures  2-6  and  2.7  for  fifth 
and  tenth  noise  harmonics  respectively-  In  Figure  2.6, 
the  curve  shewing  the  incremental  effects  would  be  sym¬ 
metrical  about  X  =  15  with  significant  values  fr ram  \  =  4 
to  X  =  24  if  all  loading  harmonics  were  of  the  same  mag¬ 
nitude,  but  because  of  the  decay,  al  l  the  loading  harmonics 
beyond  >  =  9  contribute  less  than  1/2  d3  to  the  total. 

Sn  automatic  cutoff  has  been  included  in  the  program  to 
limit  the  nusd>ar  of  loading  harmonics,  based  on  what  has 
been  empirically  found  to  be  necessary  for  the  highest 
noise  harmonic  of  interest.  Cutoff  points  are  shown  in 
Figures  2-6  and  2.7  for  the  cases  shewn. 

2.5  casca-csiass 

■Shis  work  has  shown  that  bowson  and  Ollerhead  ’  s  calculation 
procedures  are  basically  sound,  and  that  only  a  few  sin or 
corrections  are  necessary  to  their  assumptions  to  obtain 
good  correlation  between  calculated  and  measured  data. 
Another  calculation  procedure  has  been  produced  which  gives 
good  correlation  with  test  data  for  a  wide  range  of  thrusts, 
RPHs,  and  rotor  diameters.  However,  there  is  still  a  great 
deal  of  work  yet  to  be  done  in  understanding  and  predicting 
helicopter  rotor  rotational  noise.  Good  correlation  has 
been  shown  here  only  for  test  stand  data,  simulating  a 
hovering  single  rotor  helicopter.  Other  types  of  aircraft 
in  other  types  of  situations  would  presumably  have  other 
types  of  blade  loading  harmonic  distributions,  work  re¬ 
cently  done  under  an  Army  program  (Reference  3) ,  for  in¬ 
stance,  has  indicated  that  a  A -1-4  decay  rate  is  probably 
more  accurate  than  the  ^  ~2  decay  rate  for  the  case  of 
an  overlapped  tandem  rotor.  In  addition,  the  decay  rate 
is  very  likely  less  for  high  speed  conditions  than  for 
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hover  conditions  Certainly,  when  a  rotor  at  very  high 
speeds  enccenters  drag  divergence  and  psodrces  a  "Mach 
tang"1,  the  loading  ianmic  strectere  is  radically  dif¬ 
ferent  from  hover  conditions.  Osa  the  other  hand,  if  ab¬ 
solutely  gaiescgat  conditions  canid  he  achieved,  {perhaps 
for  an  aircraft  holering  css  a  windless  dap,  oot  of  ground 
effect)  the  loading  harmonic  decay  rate  might  he  greater 
than  A  ”2.  ^feese  gpestions  cannot  he  answered  without 
more  test  data,  either  in  the  form  of  noise  measEperoents, 
Made  loading  measurements,  or,  preferably,  hoth.  Finally, 
some  votk.  shoe Id  he  done  to  help  explain  the  great  scatter 
of  test  data  which  has  heea  observed-  It  has  been  sugges¬ 
ted  above  that  the  scatter  is  associated  with  wind  and  other 
random  phenomena,  hat  considerable  scatter  exists  he tween 
points  even  after  the  data  has  been  averaged  for  30  seconds 
or  more- 
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Ktnsbers  shewn  as  td3  are  the  range  or  variation 
obtained  by  varying  noise  and  airload  harmonic 
phasing  by  15s  increments- 


TABLE  2 -III 


EFFECT  OF  RELATIVE  PHASING  OF  LOADING  HARMONICS 


Loading  Harmonics 


Noise 

Harmonic 

Steady  &  1 

3  &  4 

6  &  7 

8  &  9 

1 

±7.4  dB 

±5.2  dB 

±2.4  dB 

2 

±7.2 

±9.9 

±3.2 

±10.6  dB 

3 

±7.1 

±7.6 

±5.7 

4 

±7.1 

±5.9 

±5.3 

±5.1 

5 

±7.1 

±5.2 

±15.4 

±3.4 

6 

±7.1 

±4.9 

±9.0 

±7.3 

7 

±7.1 

±4.7 

±7.3 

±9.5 

8 

±7.1 

±4.5 

±6.4 

*8.1 

9 

- 

- 

±5.7 

±7.2 

10 

±7.2 

±4.6 

±5.6 

±6.9 

NOTE: 

Numbers  shown  as  *tdB  are  the  range  of  variation 
obtained  by  varying  relative  phasing  between 
adjacent , equal  amplitude  loading  harmonics  by 
15°  increments. 
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TABLE  2 -IV 


EFFECT  OF  BLADE  LOADING  APPROXIMATIONS 


Noise 

Har¬ 

monic 

6  Radial 
Stations 
precise 
Loading 
Curve  A 

6  Radial 
Stations 
Simplified 
Loading 
Curve  c* 

|  .90 

Percent  Radius 
.85  .80 

jI!) 

Concentrated 

Loadings 

1 

113. ldB 

110.7  dB 

112. 5dB  111.7  dB 

lll.OdB  110. 2d] 

2 

108.9 

106.3 

109.4 

107.7 

106.1 

104.4 

3 

104.0 

101.5 

105.1 

102.8 

100.8 

98.8 

4 

99.2 

97.2 

100.9 

98.3 

96.5 

94.6 

5 

94.8 

93.5 

97.4 

94.8 

93.5 

91.6 

6 

91.1 

90.4 

94.7 

92.1 

91.2 

89.1 

7 

88.1 

88.0 

92.6 

89.9 

89.2 

86.9 

8 

85.5 

85.7 

90.7 

87.7 

87.4 

84.4 

*  Reference  Figure  2.3 


14 


FIGURE  2,1 
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3.1.1  Theoretical  Be^elopest 

In  considering  scaling  parameters  to  be  used  in  the  accus- 
tic  Eseasnr^ent  of  helicopter  rotor  systems, ;  the  different 
equations  and  boundary  conditions  may  be  used  for  the.  frac¬ 
tional  analysis  suggested  by  Kline  in  Reference  ,4.  Al¬ 
though  the  governing  equation  approach  is  advisable,  rotor 
noise  scaling  involves  .a  number  of  problems  which  makes  the 
nondiiaens  localizing  of  the  solution  more  attractive.  The 
principal  one  is  to  incorporate  the  transfer  of  axes, from 
the  source  to  the  observer. 

*  o 

The  rotor  noise  equations  of  Lawson,  Reference  2,  have  been 
recast  into  the  following  fbnar  instantaneous  sound  „ pressure 
P(t)  due  to  the  far  field  and  near  field  terms  is; 

p/>\  -  f _ f  Q£  .  P  lit) 

■  I  47 r  c - rxo. 7 at  i-rlr  at  s 

+ _ <  t  .  (hi  it"!  -  F.fjl]  cn 


The  square  brackets  are  incidental  to  the  scaling  problem  in 
that  they  indicate  that  the  included  quantities  are "evalua¬ 
ted  at  the  time  the  noise  .is  generated  whereas  the  sound 
pressure  P(t)  is  that  noise  detected_at  a  later  time,  by 
the  observers  located  at  a  position  r  relative  to  the 
source.  The  other  terms  in  the  equation  are  defined  as 
follows ; 

fl-o  -  speed  of  sound. 


=  Mach  number-  (vector) , 

I 

=  aerodynamic  force  on  the  blade  ( vector) 
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3.1.1  Theoretical  Development  (Continued) 

n  •  wi 

ai,  -AzI  magnitude  of  the  Mach  nun(ber— in 
p  the  direction  of  the  vector  r 

The  characteristic  time  is  the  blade  passage  period, 

t'  = _ ± _ ,  a) 

ITT/bto 

and  is  the  fundamental  measure  for  both  the  waveform  and  har¬ 
monic  analysis  of  the  sound  pressure.  All  prime  quantities 
are  non-dimens ional ized . 

i  The  characteristic  dimension  used  is  the  diameter  D, 

r'  -  -L  > 

o 


o 


The  acoustic  pressure  will  be  nondimens ionalized  using  the 
free  stream  dynamic  pressure  f  y*. 


i 


P 

iev*  ' 


(?) 


i 


and  the  aerodynamic  load  by  some  aerodynamic  coefficient  Cf , 


where: 

C  *  chord, 

6i  -  element  of  span  » 


i 


i 


i 
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3.1.1  Theoretical  Development  (continued) 


Equation  1  is  changed  by  the  inclusion  of  equation  2  through 

- s± - .c*«££t£i t  *L 

*cv  rw  l4n(i*nr)‘6‘  t\  dl7bu,  »t' 

+  i_f£CL4lF'  iflj  ,  /  (tgv%CU  F*r' 

»t'i  4  ir  ( i  -  rtrl*  6‘  f’1  <  r' 


<-At» 

i-AV 


-  i  fV‘C,CAi  F*flM 


or. 


f 


^  —  r'  o  (if '+ 

4ttLwD  D  j<u  (  at'  i-Hr  at'  i 

*_i_‘ it  5iii  .f-.j!] 

D  b  t  I"  |-«r  )J 

Now  it  is  understood  that  the  variables  are  all  nondimen- 
sionalized  and  for  convenience  the  primes  will  be  dropped. 

r  #  ?if  +  _JL  Hk\ 

4irL  D  (it  i-fV  it  ) 

+  .  St C  a  fjjL?  h*  _  M  ?] 

0-AVV'  D  D  i  P  i-*v  )J 


(7) 


The  nondimens ional  parameters  on  the  RH  side  of  the  above 
equation  require  the  following  model  scaling  parameters : 

1)  Geometric  similarity  of  the  rotor:  ^ 

2)  Scaling  of  the  observer  location:  r,  r 

3)  Mach  number  simulation  of  the  rotor:  M,  M,  Mr,  Mtip 

4)  Similarity  in  which  implies  scaling  Mach  number  dl  , 
and  Reynolds  number.  The  scaling  of  the  angle  of 
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3.1.1  Theoretical  Development  (Continued) 

4)  Continued 

attack  implies  kinematic  similarity,  i.e.,  similar 
velocity  triangles.  As  is  the  case  in  all  model  rotor 
testing,  Reynolds  number  matching  is  the  most  difficult 
and  is  usually  not  attained. 

The  sound  pressure  parameter  on  the  left  hand  side  needs 
further  exploration  since  for  hover  noise  measurements,  the 
absence  of  free  stream,  dynamic  pressure  will  result  in 
anomalies  of  the  sound  pressure  and  the  aerodynamic  force. 
Hence,  the  velocity  V  should  include  the  rotational  speed 
U>R. 

V  U.  +  u*R 

U«o  =  free  stream  velocity 


The  Doppler  shift  will  not  directly  affect  the  sound  pres¬ 
sure;  however,  it  will  affect  the  harmonic  analysis  since 
the  Doppler  shift  is  given  by  or 

A 

Since  Mach  number  and  advance  ratios  are  matched  as  a  neces¬ 
sity  for  kinematic  similarity,  the  freestream  velocity  num¬ 
ber  will  be  matched.  Hence,  the  Doppler  shift  will  be  cor¬ 
rectly  scaled  with  respect  to  frequency. 

3.1.2  comparison  of  Measured  and  Predicted  Data 

Verification  of  the  suggested  scaling  parameters  for  the 
hover  condition  was  investigated  by  comparison  of  data  taken 
on  the  full  scale  CH-47  rotor,  reported  in  Reference  1  and 
data  which  was  taken  on  a  1/11  scale  model  of  the  same  rotor. 
During  the  model  testing,  which  was  conducted  by  Boeing/ 
vertol  as  part  of  a  blade  development  program,  one  micro¬ 
phone  position  exactly  scaled  the  one  diameter  microphone 
position  of  the  Reference  1  full  scale  data  as  shown  in 
Figure  3.1.  Blaide  planform,  airfoil,  and  twist  were 
modeled  as  closely  as  possible. 

Of  that  model  and  full  scale  data  which  was  available> f ive 
sets  were  found  which  were  suitably  matched  for  valid  com¬ 
parison.  These  data  were  analyzed,  using  digital  averaging 
techniques,  and  the  resulting  frequency  spectra  are  presented 
in  Figure  3.2  through  Figure  3.6.  Figure  3.7  through  3.9 
compare  each  modeled  and  full  scale  measured  harmonic.  Also 
shown  are  the  corresponding  analytical  predictions  using  the 
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3.1.2  Comparison  of  Msasursd  and  Prsdictsd  Data  (continuad) 

Lowson  method  with  modified  loading  law  developed  under  this 
program  and  discussed  in  Section  2.  in  evaluating  this  data 
an  experimental  accuracy  of  *1  dB  should  have  been  considered 
for  the  model  data  and  *3  dB  for  the  full  scale  data.  This 
is  based  on  an  instrumentation  and  analysis  accuracy  of  1 
dB  for  both  systems  and  a  possible  ±2  dB  ground  reflection 
effect  on  the  full  scale  data  (see  Reference  1,  Figure  22) . 
The  location  of  the  microphone  in  the  wind  tunnel  was  suf¬ 
ficiently  close  to  the  blade  tip  that  it  appeared  that  wind 
tunnel  wall  effects  could  be  neglected. 

In  general  the  agreement  between  model  and  full  scale  mea¬ 
sured  data  is  of  such  a  high  degree  that  it  appears  reason¬ 
able  to  conclude  that  by  matching  Mt  and  Ct/<r  in  hover^ 
the  absolute  values  of  near  field  harmonic  data  of  a  full, 
scale  rotor  and  a  high  quality  model  will  duplicate  each 
other  with  respect  to  trend  and  absolute  value.  That  this 
should  be  so  is  analytically  verified  by  the  close  match 
between  predicted  and  measured  data  for  corresponding  con¬ 
ditions  . 


3.2  BROADBAND  NOISE 

Broadband  noise  (sometimes  referred  to  as  vortex  noise)  is 
defined,  for  purposes  of  this  program,  as  the  sound  pressure 
spectrum  over  the  frequency  range  in  which  harmonically 
spaced  discrete  frequencies  are  not  evident. 

In  measuring  broadband  noise  it  is  important  to  recognize 
that  a  clear  representation  of  broadband  noise  requires 
averaging  techniques  in  addition  to  frequency  analysis. 

Narrow  band  spectra  are  required  at  least  for  initial  data 
screening  in  order  to  separate  the  rotational  or  harmonically 
related  components  of  the  rotor  noise  from  the  purely  broad¬ 
band  part  of  the  noise. 

Figure  3.10  shows  a  typical  spectrum  acquired  near  the 
Boeing/Vertol  engineering  whirl  tower.  This  spectrum  from 
0  to  2000  Hz  was  analyzed  using  a  1.6  Hz  bandwidth  filter 
and  averaging  over  30  seconds  of  data.  The  advantage  of 
averaging  spectra  can  be  seen  in  the  comparison  with  Figure 
3.11  which  shows  the  same  data  point  unaveraged.  The 
averaged  record  gives  a  statistically  significant  level 
which  can  be  measured  whereas  the  unaveraged  record  ob¬ 
viously  is  too  small  a  sample  to  exhibit  a  consistent  level. 
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3.2  MQM^JWMIE  (continu'd) 

Another  feature  of  narrow  band  analyeie  of  broadband  noiee 
is  that  the  relative  level  between  broadband  and  harmonic 
signals  is  inversely  proportional  to  the  bandwidth  of  the 
analysis  equipment,  if  the  analyser  is  set  up  to  produce 
levels  according  to  the  RMS  value  of  the  pressure  (i.e., 
SPL-20  logPrms/Pref)  the  levels  of  any  pure  tones,  har¬ 
monics  included,  will  be  independent  of  the  analyzer  band¬ 
width.  The  RMS  value  of  the  broadband  noise  will  be  pro¬ 
portional  to  the  square  root  of  the  energy  passed  by  the 
filter.  This,  in  turn,  is  proportional  to  the  bandwidth 
of  the  filter..  Thus  the  level  of  the  broadband  noise  will 
drop  at  -10  log  A  f  where  Af  is  the  bandwidth  of  the 
filter. 

A  more  correct  method  of  displaying  broadband  noise  is  to 
use  power  spectral  density.  Power  Spectral  Density  (PSD) 
expresses  the  level  in  units  of  (power/1  Hz) ,  the  amount 
of  acoustic  power  transmitted  through  a  one  Hz  wide  filter. 
(See  Reference  6,.  p.  15  and  p.  364.)  However,  .in 
these  terms,  the  level  of  a  sine  wave  (a  pure  tone  or  a 
harmonic)  is  dependent  upon  the  filter  bandwidth,  increas¬ 
ing  as  10  log  dr. 

Thus,  care  must  always  be  exercised  when  analyzing  a  signal 
containing  both  pure  tones  and  broadband  noise.  If  a  PSD 
is  used,  the  broadband  level  remains  constant  with  band¬ 
width  and  the  harmonics  increase  with  decreasing  bandwidth 
by  10  log  Af.  If  a  sound  pressure  level  (RMS  pressure) 
spectrum  is  used,  the  harmonics  remairi  constant  and  the 
broadband  level  decreases  with  decreasing  bandwidth  by  10 
log  Af  • 

In  comparing  broadband  levels.  Figures  3.2  -  3.6,  it  is 
therefore  necessary  to  apply  a  correction  of  10  dB  to  allow 
for  the  fact  that  the  full  scale  data  bandwidth  is  .1  that 
of  the  model. 


in  order  to  convert  these  broadband  levels  to  an  equivalent 
overall  sound  pressure  level,  it  is  also  necessary  to  sum 
over  the  frequency  range  in  question.  Thus  for  the  full 
scale  data  analyzed  over  a  range  of  500  Hz  with  a  1  Hz 
bandwidth  filter  the  overall  sound  pressure  level  is  the 
peak  of  the  broadband  plus  27  dB  (10  log  JiSiL) .  a  similar 
value  (10  log  ■??§■?■)  is  added  to  the  model  x data.  Figure 
3.12  shows  the  Comparison  of  full  scale  and  model  broad¬ 
band  noise  and  indicates  that,  in  general  the  model  data 
is  low  with  respect  to  the  full  scale  data. 
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3.2  BBPAPBMP  mSE.  (Continued) 

The  origins  of  broadband  noise  generation  are  not  as  well 
defined  as  rotational  noise  and  no  rigorous  prediction 
methods  are  currently  available.  At  least  three  sources 
are  generally  considered  as  probable  major  contributors. 
They  are  turbulence  in  the  wake,  random  airloads  on  the 
blade,  and  vortex  shedding.  Although  the  latter  is  a 
discrete  frequency  at  any  single  point  along  the  blade, 
it  varies  radially  along  the  blade,  and  results  in  what 
would  be  described  as  non-harmonic  noise  when  the  data 
is  measured  in  the  non-rotating  far  field.  Paterson, 
et  al  (Reference  5)  have  shown  that  the  conditions  for 
noise  due  to  vortex  shedding  appear  to  be  a  function  of 
Reynolds  number  and  angle  of  attack  as  shown  in  Figure 
3.13.  Also  shown  are  the  ranges  covered  by  the  test  data 
which  indicate  that  no  pure  tone  region  would  be  encoun¬ 
tered  on  the  model  but  that  the  portion  of  the  full  scale 
blade  inboard  of  about  20%  r/R  would  be  expected  to  gen¬ 
erate  this  type  of  noise.  Therefore  scaling  of  even  the 
proper  mechanism  of  noise  generation  is  Reynolds  number 
dependent. 

Once  the  vortex  or  turbulence  noise  has  been  generated, 
its  propagation  and  decay  are  dependent  on  the  molecular 
structure,  and  hence  kinematic  viscosity,  of  the  medium, 
but  blade  Reynolds  number  is  no  longer  a  consideration. 
This  implies  that  scaling  of  Reynolds  number  by  operating 
in  gasses  other  than  air  will  not  serve  for  fixed  system 
noise  measurement  and  that  the  characteristic  dimension 
(chord)  and  tip  speed  may  be  the  more  valid  scaling  para¬ 
meters.  it  therefore  appears  that  further  refinement  and 
understanding  of  what  generation  mechanisms  are  responsi¬ 
ble  for  the  so-called  broadband  noise  generated  by  a  rotor 
are  needed  before  the  important  scaling  parameters  can  be 
separated  out. 
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TABLE  3-1 


SYMBOLS  FOR  FIGURES  3.7  -  3.9 

i  SYMBOLS 


SET 

Vt(FPS) 

Mr 

MEASURED 

PREDICTED 

1 

600 

.0730 

• 

O 

2 

700 

.0789 

▲ 

A 

3 

750 

.0850 

■ 

□ 

4 

800 

.0819 

♦ 

0 

5 

850 

.0797 

1 

D 
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FREQUENCY  -  KHz 


FULL  SCALE 

RPM  =  233 
T  =  17,700  lbs 


Vt  =  703  ft/sec 
Crp/cr  -  .0789 


FREQUENCY  -  Hz 


Figure  3.3 

COMPARISON  OF  MODEL  &  FULL  SCALE  NOISE  DATA 


SOUND  PRESSURE  LEVEL 


MODEL 


FREQUENCY  ~  KHz 


FULL  SCALE 

RPM  =239 
T  =  21,, 500  lbs, 

VT  =753  ft /eec 
CT/(r  =  -.0850 


FREQUENCY  -  Hz 

Figure  3.4 

COMPARISON  OF  MODEL  &  FULL  SCALE  NOISE  DATA 
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MODEL 


FREQUENCY  -  Hz 


=  2591 
=  176  lb 


=  755 
=  .0828 


FULL  SCALE 
•  239 

21,,  500  lbs 

=753  ft /re 
=  .,0850 


Figure  3.4 

COMPARISON  OF  MODEL  &  FULL  SCALE  NOISE  DATA 


SOUND  PRESSURE  LEVEL 


MODEL 


2742 
196  lbs. 

799  ft/se-:. 
.0825 


S  FREQUENCY  -  KHz 


3 


Figure  3.5 

COMPARISON  OF  MODEL  &  FULL  SCALE  NOISE  DATA 
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MODEL 


.1 


DAHC04- 69-0087 


AVG  32X 


T  =  210  lbs. 

Vip  =  848  ft/sec 
Cm  /<r  =  .0784 


FREQUENCY  -  KHz 


SPL=l+59  DB 


-  .1 _ 


I  - 

i  i-  j 
j 

4  ' 

i-.  a.  - . 

i 

t  I  — *i 

!  1  ' 

- 

S  H 

... . 

.  i  ...i.  _ 

FULL  SCALE 

RPM  =  271 

T  =  26,600  lbs. 

VT  =  850  ft/sec 
C  T/<r  =  .0797 


FREQUENCY  -  Hz 


Figure  3.6 

COMPARISON  OF  MODEL  &  FULL  SCALE  NOISE  DATA 


MODEL  SPL  -  <3B  - 

5  ;  i 

(FOR  SYMBOLS  -  SEE  TABLE  3-1) 

i 

:  Figure  3.7 

COMPARISON  OF  FULL  SCALE  &  MODEL  ROTATIONAL  NOISE 


MODEL  SPL  -  dB 


(FOR  SYMBOLS  -  SEE  TABLE  3-1) 


Figure  3.8 

COMPARISON  OF  FULL  SCALE  &  MODEL  ROTATIONAL  NOISE 


FULL  SCALE  3  PL 


MODEL  SPL  -  33 

(FOR  SYMBOLS  -  SEE  TABLE  3-1) 


Figure  3.9 

COMPARISON  OF  FULL  SCALE  &  MODEL  ROTATIONAL  NOISE 

38 


P»equeney  0  fe©  1969  He 


Figure  3 .11  -  UNAVERAQEB  8PE8TRUM  Of  Will  Kb  T0WBR  R0T9R  N9I8B 


mu  »t  mm  tu 


BESSEL  E ESS 

grass.  55S33) 


grass  Esaas 


ac/wcrr  mn  boc^^McAaomM 

S  *5?  »  ”  »  _««c  j»  5r  acsr 

«et«ua*jr  *ri 


{figure  &2XB&3?  w&zs.  ssd  fees.  scaz«s 

35GS0ES  FRO*  S3?-  5  ) 


Figure  3-13 

REGIONS  OF  PORE  TONE  GENERATION 
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4-1 


ester; 


TESTS 


SSsscaggaggs  in  gaftagy  w5=g  acsurttfcs  *r®  csrstogcaSlp  cs®- 

witoi  €B®  tasfe  of  r®s5asfgg  rasas®  I®o®!s  as  rotor  per— 
2®r®5s  ar®  cgrattoasaeSlp  assreasES-  Alsrag  wito  toss® 
fatnroawraffisto  in  rotor  performance,,  offcca  Bar  mcdfffgafcfsra  to 
BlaSs  airfoil  arad  pSastomi  g>escu£tor  toer®  is  gereraUy  an 
increase  in  noise,  Best  lilttfe  Bar  Been  ptolfszasd  in  toe  way 
of  a  ^cstonaSoo  steady  of  toe  role  wsirfh  airfoil,  aasB  plaratorm 
ggsmgfep  Bar®  in  estaBlitosirag  rotor  noise  2®3®Ss-  *E&® 

availability  of  <feSa  on  rotors  of  toe  sane  diameter  and  Blade 
safeg.  Best  of  difStoest  airtoil  section  and  of  different 
pSanfsean  ossmetry  sais  It  attractor®  to  esangag®  toe  noise 
of  toese  Blade  designs  nor®  sgstenati cally  toan  Bas  Been 
in  toe  past-  Tfriese  design  variables  will  Be 
describe!  far  earn  so  tar  voder  consideration  and  It  wall  Be 
seen  tost  toe  rotors  display  some  interesting  similarities 
as  well  as  differemces- 


4-1-1  Inscription  of  toe  Batons 


:»5nre<vs>  2eS==lS  Of  mtor  — jg;;r3g*--=— syg  ■S'SHgj^friraii-jaiS  Jsa 

Eignre  4-1  were  recorded  drrisg  past  test  programs  conflic¬ 
ted  on  toe  Bneing-wertol  Engineering  shin  'Sower  facility 
described  in  Refereor^  1,  toe  initial,  phase  of  toes  stody- 
toe  Blade  used  as  toe  Baseline  tor  tois  comparison  steady 
is  employed  on  toe  CB-47C  and  is  rectangular  in  pi  an  form 
(Figure  4-.  la)  and  iaas  a  i?ertol  23010-1-58  section,  constant 
along  toe  radius.  a  second  configuration,  also  rectangular 
in  piantorm  iaas  an  EACA  0012  airtoil  and  is  toe  Blade  used 
on  toe  C5-47A  aircraft  (Figure  4- la) .  a  tolrd  configuration, 
experimental,  is  tiered  in  piantorm  along  toe  outboard  30^ 
of  span.  Bet  maintains  a  constant  0012  section  alo mg  toe 
Blade  (Figure  4«|B)  -  A  fourth  configuration  known  as  toe 
Advanced  Geometry  Blade  (£13)  Is  also  an  experimental  ccta- 
figuration  and  is  varied  in  piantorm  as  shewn  (Figure  4-lc) 
But  in  addition  has  an  airfoil  section  which  varies  from 
12??,  thick  at  r/s  =  0-325  to  6??  thick  at  toe  tip-  toe 
effect  of  these  two  variables,  piantorm  configuration  and 
airfoil  section,  are  inseparable  in  toe  noise  data  of  toe 
Advanced  Geometry  Blades,  Bat  toe  configuration  provides 
an  interesting  comparison  with  toe  standard  reference  Blade- 

toe  theory  used  for  predicting  the  effects  of  piantorm  and 
airtoil  was  developed  by  Lovson  and  Ollerhead  (Reference  2) 
and  modified  as  described  in  Section  2  of  this  report-  As 
noted  By  the  authors  of  the  Reference  2  study  and  discussed 
in  Section  2  of  this  report,  the  ability  of  the  method  to 
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4-1- 2. 


Bffsggagtifflaa  ©f  the  is®£s33;  gCassJtizraeSI 


pc©££ctt  the  ranis©  caff  ©  EJffSffir  with  aery  SBCffisracy  is  <5epezc5sst£ 
<b©  the  aisiscai  cs©3  «es  ianuatt  fi©  ascggraiigly  <5sr£s©  higher 
lasacSigg  harmomics.  Ebr  Shis  r ffitssa,  the  siriosds  nssS  in 
tine  subject  s&aSy  fnpacecS  aa  li3ii.it  c®  the  noise  gg©dig±£ca 
bagnwcaiics.  The  initial  mine  Bsnncjaics  gl-5J)  b©v©  Sees 
^acara  tas>  be  v©sy  similar  Set  notsms  of  the  same  bfiadte 
member  anS  cpers&isg  ccradifissas  and  thcs  noise  leorel  pre- 
dicttfarss  far  secggidasy  csofagaraSaao  changes  of  plaafaaan 
g~rfi  airfbil  being  imestis^etedS  in  this  study  are  identical  - 


4-2  EESEgTT  (OF  AlHrSEESi  SaGSTMEi 

Camperison  of  the  symmetrical  and  cambered  airfoils  era  the 
Basis  of  esssal  thrnsfc  and  tipspged  has  bear  made  and  is  51— 
Irsstrated  in  gjggres  4-2  fhrscs^s  4-4-  it  shmeld  be  pointed 
ocat  that  the  low  harmonics  of  blade  passage  display  a  reas¬ 
onable  agreement.  fear  both  blades  and  at  nearly  all  operat¬ 
ing  conditions,  tfeass  il Instratimg  that  blade  design  does 
mot  ^^{h=>ws--5?af  ?y  inffesemoe  this  region  of  the  noise  spec¬ 
tra-  Some  general  trends  are  displayed  by  the  higher  bar— 
mosaic  portion  of  tee  spectra.  FOr  example,  at  low  tip- 
speeds  and  regardless  of  the  thrust,  sound  pressure  levels 
for  the  sgasastsical  airfoil  are  consistently  higher  than 
that  of  the  cambered  airfoil-  at  Ft  =  750  ft/sec-  no  con¬ 
sistent  trend  is  displayed  and  at  F£  =  850  ft/s ec_,  the 
symmetrical  airfoil  displays  lower  noise  levels  in  the 
feigner  harmonics  than  the  cambered  airfoil. 


4-3  ErFSCF  OF  FES5F0233 


A  limited  amount  of  data  is  available  to  investigate  the 
effect  of  planfor-m  on  noise-  A  ccsnoariscn  of  the  noise  of 
the  rectangular  blade  with  symmetrical  airfoil  is  made  with 
a  set  of  blades  which  had  been  tapered  in  plaaforaa  in 
Figures  4-5  and  4-6.  comparison  data  exists  for  tip 
speeds  of  650  and  .—'725  ft/sec.  only.  Here  again  there 
appears  to  be  little  or  no  effect  on  lover  rotational 
harmonics.  At  the  lower  tipspead,  however,  the  tapered 
blade  produces  higher  broadband  noise  levels  at  the 
highest  thrust  shewn,  while  at  750  ft/sec.  both  blades 
display  very  similar  noise  spectra.  Ibis  again  confirms 
the  conclusion  that  blade  design  has  a  secondary  effect 
on  the  noise  of  a  rotor  system. 

4.4  EFFECT  OF  COM3  IKED  PIASFP3H  AHD  AIRFOIL  EFFECTS 

Data  from  3  bladed  rotors  with  both  a  planform  and  air¬ 
foil  modification  (AGB)  relative  to  the  23010  rectangular 
blade  is  illustrated  in  Figs.  4. 7-4.9.  Although  the  Ojv^- 
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4.4  EgFFfrT  Cg  gg^POSBS  ftTTgsgwnr.  i^jagyyff!*; 

CcaastisDsfil 

£©r  tbs  JK3  is  abscafc  25j£  higher  at  any  gives  cosaSifcipsa,  the 
3>*TrPffft3w3img  ggfg tribe fciUga  Shr  these  taro  blades  is  very  similar 
as  shown  in  Elgsre  4-10  and  fher efore  a  large  difference  in 
njsise  Issue!  aroold  not  be  expected.  &  consistent  tread  be¬ 
tween  the  taro  blades  is  not  displayed,  although  the  com- 
figuiratioEi  does  eahiblt  considerably  lower  levels  than  the 
23010  at  thrust  of  3000  lb-  and  V&  =  750  ft/sec.  Since  this 
trend  is  not  cssstinaed  for  this  tipspeed  at  higher  thrusts, 
no  general  conclusion  can  be  drawn,  except  that  the  statis¬ 
tical  variation  which  can  be  expected  in  hitter  harmonic 
data  is  greater  than  the  magnitude  of  change  fee  to  the 
types  of  blade  variations  which  were  investigated  - 

4-5  cDBgaasaGSoag  o?  «&¥sgo3«s 

wasefemcs  were  normalized  to  approximately  the  sane  aaspli— 
trade  for  coarparison  purposes-  The  standard  CK-47C  rotor 
is  compared  with  the  AJ3  rotor  in  Figure  4-11-  A  compari¬ 
son  of  waveforms  such  as  this  reveals  information  about 
the  time  dependence  of  rotor  noise  not  available  from  an 
averaged  spectra  plot  such  as  previously  illustrated .  The 
waveforms  for  each  rotor  configuration  generally  display  a 
similarity  in  rise  times  bat  show  a  trend,  as  a  whole, 
toward  symmetry  of  the  SG3  waveform  about  the  peak  pressure 
that  is  not  generally  present  for  the  rectangular  blade. 

Time  histories  for  this  latter  configuration  have  an  initial 
symmetry  about  the  peak,  but  then  decay  such  less  rapidly 
indicating  a  trend  toward  higher  harmonic  content  as  re¬ 
vealed  by  the  high  frequencies  imposed  on  the  waveform  of 
the  rectangular  blade. 

Some  of  the  data  in  the  comparisons  in  this  section  can  be 
grouped  to  illustrate  that  while  the  lowest  harmonics  are 
exfcresely  stable  the  higher  harmonics  of  a  given  blade  plan- 
fora  or  airfoil  may  display  a  trend  with  tipspeed  or  thrust 
when  compared  with  the  reference  blade,  and  there  are  trends 
associated  with  tip  speed  or  thrust  for  any  specific  blade 
in  the  study.  But,  just  as  important  in  making  a  comparison 
of  this  nature,  is  that  trends  in  rotor  noise  data  must  be 
viewed  in  the  light  that  measurement  programs  on  whirl  towers 
frequently  result  in  scatter  in  data  which  may  be  as  much  as 
6  dB  for  repeated  points.  Figure  4.12  shows,  for  example, 
the  scatter  of  6  repeated  test  points  and  reveals  that  a 
trend  or  effect  displayed  by  a  change  in  blade  design  can 
be  at  least  partially  contained  in  the  scatter  of  repeated 
data.  It  has  already  been  noted,  in  Section  2,  that  small 
changes  in  the  phase  of  rotor  airloads  can  result  in  sub¬ 
stantial  changes  to  the  noise  of  the  rotor. 
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4.5  COMPARISON  OF  WAVEFORMS  (Continued) 

On  the  other  hand,  only  small  changes  in  noise  level  in  the 
low  harmonics  are  expected  with  large  blade  design  changes, 
since  airload  predictions  do  not  distinguish  between  design 
variations  of  the  magnitude  being  evaluated.  This  is  par¬ 
ticularly  true  for  the  low  harmonics  of  rotational  noise, 
where  the  data  substantiates  only  small  magnitude  varia¬ 
tions  in  the  first  five  noise  harmonics.  It  is  only  in 
the  higher  harmonics  of  rotational  noise  and  in  the  region 
where  broadband  noise  governs  that  identifiable  and  repeat- 
able  effects  are  displayed.  Since  this  is  where  the  largest 
change  in  noise  is  displayed,  it  is  where  future  research 
should  be  concentrated. 

Ambient  wind,  both  in  magnitude  and  direction,  plays  a  sub¬ 
stantial  role  in  the  wake  geometry  of  a  given  rotor  and 
therefore  of  the  noise  which  that  rotor  radiates,  it  must 
not  be  concluded,  however,  that  improvements  to  the  geo¬ 
metry  of  a  rotor  blade  should  not  be  studied  in  order  to 
achieve  the  ultimate  magnitude  of  noise  reduction  that  can 
be  realized  by  proper  design.  But  the  total  effect  of  rotor 
blade  design  variations  on  radiated  far  field  noise  is  an 
order  of  magnitude  below  the  potential  which  can  be  rea¬ 
lized  from  rotor  tip  speed  alone.  Perhaps  the  optimum  rotor 
should  be  defined  in  terms  of  a  blade  geometry  which  permits 
the  rotor  to  be  operated  at  tip  speeds  which  achieve  good 
performance  while  maintaining  acceptable  noise  levels  to 
the  observer  in  the  near  and  far  fields. 

4.6  EFFECT  OF  NUMBER  OF  BLADES  ON  ROTATIONAL  NOISE 

Given  the  pressure  time  history  of  a  one  bladed  roto^ 

Pl(t)  with  period  T  and  frequency  to,  -zir/T  ,  the  pres¬ 
sure  time  history  of  a  B  bladed  rotor,  Ps(t),  can  be 
found  by  adding  the  one  bladed  waveform  to  itself  but 
shifted  by  the  blade  passage  period,  T/8. 


paa)  -  ipc*+*f). 

k*i 


(-H 


The  Fourier  Analysis  of  this  gives  components  Am  (which 
are  complex  numbers) : 

£ 

t 

u*h«  r«-  =  ITT  8 

T 


l 6  p.ltt eimw,t  Jt 


46 


4.6 


EFFECT  OF  NUMBER  OF  BLADES  ON  ROTATIONAL  NOISE 
(Continued) 

Substituting  from  equation  (-1-)  gives: 


a 


or,  interchanging  the  integral  and  the  summation  because 
they  are  over  different  parameters, k  a.h4 


ft 


(-3-) 


j'.a  Fourier  analysis  of  the  one  bladed  waveform  produces 
h  '  Tmonics  of  (u,  given  by: 


Go 


(-4-) 


or  by  c \ aiding  up  the  limits  of  integration  into  b  segments 
each  X/h  long  we  can  write 


1  £  rjT/‘  it 

T  jw  71-0*1* 


(-S-) 


Changing  var  '0:  le  from  t  to  i  *  j  T  /  B 


•  •  _L 

*  '  T 


i  \ 

j  i  ✓<> 


% 


P  (*  t 


gives: 


c  w,  i»(ttJtr/a) 

e 


it 


4.6 


EFFECT  OF  HUMBER  OF  BLADES  ON  ROTATIONAL  NOISE 
(Continued) 


A  comparison  of  equations  t3-)and(*6*)  shove  that  when  and 

t>  (-7-1 


then  =  B  *  Cn. 

Equation  (-7-)  is  true  when  the  exponents  differ  by  2  7T  or 
some  integral  multiple  of  2  IT,  2  7T  (Z):  tl,... 

m  ujgt.  -uj,  n(t+ir/a')  +  2  IT  i 

nr>a>ot  -  uj,  nt  tw/C  nj  +  ITT* 

ft 


In  order  for  this  to  be  true  for  all  time: 

uj,  r-% 


and 


m  0^4:  -  oo,  n't  oh  -  — 

u,»tr\i  +  ITT -2  =0 


C-8-) 


B 


Recalling  that  X  _  2TT 

B  "  COQ  > 


then 


—  Z 17  4  —  2^  GUi  n  j 
U)B 

and  substituting  from  (-8-)  gives 


-  -jl  =  co,  nj 

u/6 


-4  -  mhj  -  mj 

n 


(-3-) 


which  must  always  be  true  because  the  product  of  two  inte¬ 
gers  m  and  j  must  be  an  integer, -2  . 
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4.6 


EFFECT  OF  NUMBER  OF  BLADES  OH  ROTATIONAL  NOISE 
(Continued) 


Recalling  that  UJ,  -  2.JTJT  and  U)B  -  27TB /V  we  find  that 
(From  Eg. (-6-))  this  condition  reduces  to:  > 


Thus,  it  has  been  shown  that  the  harmonic  of  a  B 

bladed  rotor  is  B  times  the  m  Bth  =  rv*1*  harmonic  of  a 
one  bladed  rotor  with  the  same  loading  per  blade: 


This  leads  to  the  conclusion  that  for  a  given  thrust,  tip 
speed  and  diameter,  the  envelope  of  the  Sound  pressure 
Level-Frequency  spectrum  is  independent  of  the  number  of 
blades  in  the  rotor  system  but  the  frequencies  at  which 
rotational  harmonics  occur  are  not.  This  is  illustrated 
in  Figure  4.13  for  a  rotor  of  the  size  tested  in  the 
Reference  1  program  at  a  thrust  of  10,000  pounds.  Note, 
for  example  that  the  6th  harmonic  of  a  two  bladed  rotor, 
the  4th  harmonic  of  a  three  bladed  rotor,  and  the  3rd  har¬ 
monic  of  a  4  bladed  rotor  all  have  the  same  sound  pressure 
level  since  they  all  fall  at  the  same  frequency. 


The  thrust  of  a  hovering  rotor  is: 

T  -4:c  rirk^QVf  (Reference  7) 


where  T 

tc 

<r 

ft 


Thrust 

Thrust  coefficient 
Rotor  solidity 
Blade  radius 
Density  of  air 
Tip  speed 
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EFFECT  OF  BOMBER  OF  BLADES  Off  KQTATIOSAL  BOISE 
(Continued) 

Since  O' IT  R2,  is  the  total  blade  ar.ea  this  may  be  rewritten; 

T  =  ^nflLeV/ 

e  »  r  v 

where:  =  The  area  of  one  blade 

n  =  Number  of  blades 

An  example  of  this  can  be  seen  in  that  the  thrust  of  a  CH-47 
rotor  using  three  (3)  23010  blades  at  a  tip  speed  of  750  FPS 
is  very  closely  matched  at  :a  tip  speed  of  650  FPS  by  a  four 
(4)  bladed  rotor  of  the  same  airfoil  or  by  the  three  bladed  t  ■ 
Boeing/Vertol  Advanced  Geometry  Blade  rotor  of  varying  opti¬ 
mized  airfoil  and  planform.  if  the  blade  aerodynamic  de¬ 
sign  is  fixed  the  role  of  number  of  blades  is  either  to  re¬ 
locate  the  harmonic  frequencies ,  at  constant  tip  speed,  or 
to  permit  a  reduction  in  tip  speed,  in -evaluating  the  merits 
of  these  approaches  it  becomes  important  to  carefully  spec¬ 
ify  the  definition  of  rotational  noise.  Figure  4.14  pre¬ 
sents  the  calculated  values  of  the  first  nine  harmonics  of 
a  tlirea  bladed  rotor  at  a  tip  speed:  of  750  FPS.  The  corres¬ 
ponding  Overall  Sound  pressure  Level  is  100  dB.  This  spec¬ 
trum  however  has  high  amplitude  low  frequency  components  to 
v/hich  the  human  ear  is  relatively  insensitive.  If  one  ap-  • 
plies  the  conventional  "C"  weighting  network  which  is  gen¬ 
erally  used  to  specify  acoustical  overall  sound  pressure 
levels,  the  first  several  harmonics  are  substantially  de¬ 
graded  (as  shown  in  Figure  4.14) ‘and  the  resultant  Overall 
Sound  Pressure  Level  .is  reduced  to  03  dB. 

1  i 

Other  frequency  weighting  systems,  such  as  dBA,  PNdB,  etc., 
may  also  be  considerably  affected  by  relatively  small  shifts 
in  the  frequency  of  the  lower  harmonics  as  controlled  by 
number  of  blades.  1  ! 

* 

Despite  these  "number  games"  which  must  be  played  very  care¬ 
fully,  the  most  powerful  effect  on  the  noise  generated  by.  a 
rotor  of  a  given  thrust  remains  tip  speed;  Figure  4.15 
illustrates  this  effect  and' by  returning  to  the  example  of 
equal  thrust  for  a  3  bladed  rotor  at  750  FPS  or  a  4 
bladed  rotor  at  650  FPS  it  can  be  seen  that  the  latter  will 
reduce  the  noise  by  6  dBi 

The  problem  in  resorting  to  tip  speed  reduction 'however  lies 
in  the  fact  that  for  a  fixed  radius  lower  tip  speed  means 
lower  rotor  speed  and  hence  higher  torque,  which  in  turn 
requires  larger  components  in  the  drive  system.  These 
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4.6 


EFFECT  OF  MMBSR  OF  BLMBS  OS?  ROTATHESAZ,  BPISS 
(Contiimed) 


cocayinsct  with  the  added  blade  and  hub  weights  can  impose 
severe  weight  penalties  on  the  helicopter.  An  example  of 
the  weight  increase  of  a  CH-47  helicopter  which  accompanies 
a  750  FPS  to  650  FPS  (3  to  4  blade)  change  is: 


Drive  System 

Hr 

455 

lbs. 

Blades 

+ 

600 

lbs. 

Hub 

+ 

470 

lbs. 

Flight  Controls 

90 

lbs. 

Total  weight  increase 

+  1615 

lbs. 

Since  the  aircraft  gross  weight  increases  approximately  two 
pounds  for  every  pound  of  weight  empty,  the  gross  weight 
increase  to  maintain  performance  is  3230  pounds  or  an  in¬ 
crease  of  approximately  10%.  Ibis  in  turn  will  raise  the 
rotational  noise  by  about  .8  dB  thereby  decreasing  the  net 
improvement . 
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Figure  4.1 
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Figure  4.3  -  EFFECT  OF  AIRFOIL  SECTION 
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Figure  4.8  -  EFFECT  OF  COMBINED  PLANFORM  AND  AIRFOIL 
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COMPARISON  OF  ROTOR  NOISE  WAVEFORMS  FOR  HOVERING  AIRCRAFT 


5.0 


HOVERING  SINGLE  ROTOR  IMPULSIVE  NOISE 


5.1  SUMMARY 

A  series  of  whirl  tower  test  programs  were  completed  in  1968 
and  1969,  studying  the  acoustical  properties  of  a  variety 
of  hovering  rotors  over  a  wide  range  of  test  conditions. 
During  these  test  programs ,  subjective  ratings  of  the  im¬ 
pulsive  nature  of  the  rotor  noise  were  recorded  by  a  ground 
observer  located  100  ft.  from  the  rotor,  correlation  of 
these  subjective  ratings,  local  flow  conditions,  vortex 
position  studies,  and  two-dimensional  airfoil  characteris¬ 
tics  have  led  to  a  postulated  mechanism  of  single  rotor 
impulsive  noise  as  described  below  and  illustrated  on 
Figure  5.1. 

During  tests  of  two,  three  and  four-bladed  rotors,  flow 
visualization  studies  of  vertex  position  were  made  using 
smoke  trailed  from  a  blade  tip.  Details  of  the  three 
bladed  study  were  presented  in  Reference  1.  For  each  of 
the  test  conditions  recorded,  the  vortex  was  found  to 
intersect  or  closely  approach  the  following  blade.  Based 
on  this  photographic  data,  the  blade  radial  location  of 
vortex  intersection  or  near  intersection  was  obtained. 

The  local  life  coefficient  and  Mach  nunber  were  then  cal¬ 
culated  at  this  intersection  point  for  the  test  conditions. 

Subjective  ratings  of  each  of  the  test  conditions  for  two, 
three  and  four-bladed  rotors  identified  banging  and  non¬ 
banging  points  and  established  a  common  boundary  between 
banging  and  non-banging  conditions. 

A  study  of  two-dimensional  Cl  versus  Mach  nunber  data  for 
the  Vertol  23010-1.58  airfoil  used  in  these  tests  indicates 
that  the  lift  divergence  boundary  (  dCi/  dM  =  0)  agrees 
well  with  the  subjectively  rated  hover  banging  boundary. 
Examination  of  upper  surface  pressure  distributions  for 
this  airfoil  reveal  that  below  the  lift  divergence  boundary, 
the  flow  is  essentially  shock-free  and  above  the  lift  diver¬ 
gence  boundary  shock  waves  exist  on  the  surface  of  the 
airfoil. 

The  mechanism  of  hovering  single  rotor  impulsive  noise  is, 
therefore,  postulated  to  depend  on  the  interaction  of  a 
blade  tip  vortex  with  a  following  blade,  producing  short 
time  duration  changes  in  the  local  flow  conditions  and 
either  shock  wave  formation  or  motion  of  an  existing  shock 
wa-rn.  The  pressure  pulse  created  by  these  localized  changes 
in  flow  conditions  has  been  termed  "hover  bang". 
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5.1 


StHgiARY  (Continued) 


In  the  discussion  that  follows,  subjectively  rated  test 
data  and  two-dimensional  airfoil  data  are  presented  in 
jrore  detail  for  a  two,  three  and  four-bladed  CH-47C  rotor 
as  well  as  advanced  geometry  and  swept  tip  blades  to  verify 
this  approach  to  the  hover  banging  boundary.  An  analytical 
method  for  predicting  sound  pressure  level  is  presented 
which  describes  the  mechanism  of  single  rotor  impulsive 
noise.  Using  this  method,  calculation  of  sound  pressure 
levels  for  conditions  subjectively  rated  as  banging  and 
non-banging  have  been  made  and  compared  with  test  recorded 
levels . 


5.2  CRITERIA  FOR  HOVERING  SINGLE  ROTOR  IMPULSIVE 

NOISE  GENERATION _ 

From  the  vortex  visualization  studies  of  Reference  1,  blade 
intersections  with  the  vortex  from  the  preceding  blade  were 
found  to  occur  or  nearly  occur  for  all  of  the  recorded  test 
conditions.  The  radial  locations  of  these  intersections 
for  the  two,  three  and  four-bladed  rotors  were  found  to  be 
approximately  .90R,  .93R  and  .96r,  respectively,  using 
these  intersection  points,  values  of  local  lift  and  Mach 
number  were  calculated  for  test  points  of  each  of  the 
three  rotor  configurations.  This  data  has  been  presented 
in  Figure  5.2  along  with  the  subjective  ratings  of  each 
of  these  test  conditions.  Solid  symbols  were  rated  as 
banging  points  and  open  symbols  as  non-banging.  In  this 
figure,  a  boundary  is  defined  outside  of  which  no  single 
rotor  impulsive  noise  has  been  observed,  for  these  rotors 
and  within  which  the  data  do  not  group  by  blade  number. 


The  two,  three  and  four-bladed  rotor  tests  all  utilized 
CH-47B/C  blades  which  use  the  V23010-1.58  aircoil.  Cl 
at  constant  angle  of  attach  vs  Mach  number  data  for  this 
airfoil  are  plotted  in  Figure  5.3  and  the  locus  of  points 
at  which  the  lift  coefficient  significantly  deviates 
,  dCi  _  from  the  Karman-Tsien  growth  rate  with  Mach 
'  dM 

nunber  is  shown.  Figure  5.4  compares  this  lift  divergence 
boundary  with  the  "no  impulsive  noise"  boundary  of  Figure 
5.2  and  demonstrates  that  the  two  boundaries  are  very 
similar.  This  implies  that  hovering  single  rotor  impulsive 
noise  can  be  controlled  by  utilizing  airfoils  with  increased 
Mach  number  for  lift  divergence  on  rotor  blades  at  span- 
wise  stations  subject  to  vortex  intersections.  Figure  5.5 
shows  the  lift  divergence  boundaries  for  several  airfoils 
and  indicates  that  airfoils  such  as  the  V13006-.7  can  sub¬ 
stantially  improve  the  allowable  rotor  "no  impulsive  noise" 
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5.2  CRITERIA  FOR  EQVERIKG  SINGLE  ROTOR  IMPULSIVE 

NOISE  GENERATION  (Continued) _ 

operating  boundary.  A  rotor  with  this  airfoil,  the  AGB 
rotor,  has  been  tested  by  Boeing- Vertol.  Results  from 
the  whirl  tower  tests  are  shown  in  Figure  5.6.  The  rotor 
was  tested  at  tip  speeds  and  thrust  levels  at  which  the 
CH-47B/C  rotor  produced  impulsive  noise;  no  impulsive 
noise  was  noted  subjectively  or  in  the  waveforms  of  the 
AGB  testing.  RPM  restrictions  on  the  rotor  prevented  test¬ 
ing  at  conditions  above  the  lift  divergence  boundary  for 
the  V13006-.7  airfoil;  however,  the  testing  does  clearly 
demonstrate  that  blade  loading  and  tip  speed  alone  are  in¬ 
sufficient  criteria  for  defining  hovering  single  rotor  im¬ 
pulsive  noise  avoidance  boundaries  as  the  AGB  spanloadings 
and  tip  speeds  did  achieve  levels  identical  to  those  at 
which  the  CH-47B/C  rotors  produce  impulsive  noise  (Figure 
5.7).  Similarly,  test  of  a  "swept"  tip  rotor  produced  no 
impulsive  noise  at  conditions  identical  to  the  spanloadings 
and  tip  speeds  at  which  the  CH-47B/C  isolated  rotor  pro¬ 
duces  impulsive  noise  (Figures  5.8  and  5.9).  Figure  5.9 
illustrates  that  the  lift  divergence  boundary  applies  to 
this  swept  tip  data  if  the  local  sweep  angle  at  the  most 
probable  radial  station  for  blade  vortex  intersection  is 
used  to  define  an  effective  local  Mach  number. 

Based  on  the  above  evidence  and  results  of  model  rotor 
testing,  the  criteria  for  single  rotor  hover  impulsive 
noise  to  occur  has  been  postulated  as: 

1.  The  vortex  from  a  preceding  blade  must  pass  near 
the  blade  producing  the  noise  and  must  also  change 
its  position  relative  to  that  blade. 

2.  A  shock  wave  must  exist  (or  nearly  exist)  on  the 
surface  of  the  blade  where  the  vortex  passes. 

Thus,  the  mechanism  of  hovering  single  rotor  impulsive  noise 
is  postulated  to  depend  on  the  interaction  of  a  blade  tip 
vortex  with  a  following  blade  resulting  in  short  time  dura¬ 
tion  change  in  local  flow  conditions  and  either  shock  wave 
formation  or  motion  of  an  existing  shock  wave.  The  pres¬ 
sure  pulse  created  by  these  localized  changes  in  flow  con¬ 
ditions  has  been  termed  "hover  bang". 

A  study  of  tip  vortex  motions  and  blade-vortex  interactions 
as  related  to  the  mechanism  of  "hover  bang"  is  given  in  the 
following  paragraphs. 
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MECHBjjlgH  OF  W>BTEX  mTERhCZIfM 


The  vortex  shed  from  the  tip  of  a  hovering  rotor  is  embedded 
in  the  flow  field  which  is  -roving  axially  downward  with  an 
accompanying  snail  radial  notion.  This  axial  notion  has 
been  measured  by  Landgrebe  and  reported  in  Reference  8. 

The  downward  drift  of  the  tip  vortex  is  shown  in  this 
reference  to  be  very  slow  until  the  passage  of  the  follow¬ 
ing  blade.  Figure  5-10  illustrates  that  the  following 
blade  causes  an  increase  in  the  drift  rate  after  its 
passage.  Therefore,  the  nominal  position  of  the  tip  vortex 
is  closer  to  the  following  blade  than  calculated  by  a  uni¬ 
form  drift  assumption. 

The  empirical  equation  given  in  Reference  8  for  the  position 
of  the  tip  vortex  before  interaction  with  the  following 
blade  is: 


2CV)  =  -25-  (CTU  +  -ooi 
0<V  i  ZTT/k 


where  "z  =  Z/R  N.D. 

0  =  Twist  in  degrees 

V  =  Azimuth  position  behind  the  blade  shedding 
of  the  vortex 

An  expression  for  the  radial  position  of  the  vortex  at  the 
following  blade  has  been  given  by  Landgrebe  in  Reference  8 
as  a  function  of  rotor  thrust  coefficient.  However,  a 
study  of  the  data  presented  in  his  reference  indicates 
that  for  the  time  period  of  one  blade  passage  and  for  the 
range  of  thrust  coefficients  presented,  the  radial  vortex 
position  is  relatively  insensitive  to  changes  in  rotor 
thrust  coefficient.  Based  on  Boeing-Vertol  test  data, 
the  vortex  radial  positions  at  the  following  blade  have, 
therefore,  been  assumed  to  be  .90R, .  .93R  and  .96R  for  the 
two,  three  and  four-bladed  rotors,  respectively. 

The  position  of  the  tip  vortex  is  further  altered  by  the 
presence  of  ground  wind.  From  potential  flow  theory,  lift 
is  generated  when  a  uniform  flow  field  is  imposed  perpen¬ 
dicular  to  a  vortex  filament.  The  tip  vortex  rotates  in 
the  direction  from  the  blade  lower  surface  to  the  upper 
surface  at  the  tip  of  the  blade.  Hence,  the  vortex 
motion  is  up  at  the  upwind  azimuth  location  and  down  at 
the  downwind  location.  At  the  90°  and  270°  azimuth,  the 
orientation  of  the  vortex  filament  is  parallel  to  the 
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MSCHftSSlSM  OF  VOhSZSX.  I&’FEBPjCTKM  (Continued) 


velocity  and  no  lift  is  generated.  Relative  to  the  follow¬ 
ing  blade,  the  tip  vortex  is  at  its  lowest  position  at 
V=  0®  and  at  its  highest  position  at  V  =  130®. 


'The  measurements  that  were  made  for  Figure  5.11,  show 
this  nearly  sinusoidal  oscillation  of  the  tip  vortex.  The 
amplitude  of  the  “apparent"  oscillation  of  the  vortex  rela¬ 
tive  to  the  following  blade  was  obtained  from  the  data  of 
Reference  8  as: 


A  -  r- 1  i  a  tf* 


,93*9  .  ^J.3Sn 


where  A  =  amplitude  in  inches 

fa  —  1  ”  M^rpip 

vg  =  ground  wind  velocity 
Vn  =  average  induced  velocity 

Hence  the  vortex  position  may  be  given  by: 


h  -  Z  +  A  cos  y  (3 

A  further  consideration  relating  to  the  effects  of  blade 
vortex  interaction  is  that  the  velocity  field  induced  by 
the  vortex  is  not  established  instantaneously.  The  vortex 
core  is  established  during  the  initial  roll-up  over  the 
blade  tip.  Additional  vorticity  is  fed  into  it  from  the 
trailed  wake  from  the  outer  portion  of  the  blade.  However, 
the  vortex  induced  velocity  field  is  established  by  visco¬ 
sity  over  a  finite  time.  When  considering  the  problem  of 
blade  vortex  interactions,  this  time  element  relates  to  the 
blade  passage  frequency.  For  a  representative  case  of  a 
three-bladed  rotor  at  240  RPM,  the  time  for  one  blade  pas¬ 
sage  is  1/12  second. 


The  diffusion  of  vorticity  is  given  in  Reference  9  as: 

_r_  eV/4Vt 


V  = 


in  r 


(4) 


r =  radius  of  vortex 

P=  strength  of  tip  vortex 

}>  =  kinematic  coefficient  of  viscosity 
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Considering  that  the  viscosity  for  turbulent  flow  nay  he 
greater  than  the  kinematic  viscosity,  and  the  representa¬ 
tive  tine  for  one  hlade  passage,  the  exponential  tens  is 
sufficiently  saall  so  that  the  flow  field  due  to  the  tip 
vortex  is  not  established  by  the  tire  the  following  hlade 
encounters  the  vortex-  "therefore,  the  vortex  induced 
velocity  at  the  following  blade  results  primarily  from 
the  vortex  core. 

A  literature  search  has  been  conducted  to  determine  a  re¬ 
presentative  core  size.  However,  the  available  data  does 
not  give  a  definitive  value.  Johnson,  Reference  12,  and 
Widnall,  Reference  13, used  core  radii  on  the  order  of  18% 
to  20%  of  the  blade  chord.  On  the  other  hand,  the  data  of 
Dosanjth,  et  al.  Reference  14,  and  McCormick,  Reference  15, 
result  in  core  radii  of  8%  of  the  chord.  The  more  recent 
data  of  Rorke,  et  al.  Reference  16,  gives  a  core  radius 
to  blade  chord  ratio  of  .05.  Measurements  by  Chigier  and 
Consiglia,  Reference  17,  give  core  radius  equal  to  .09 
chord.  The  measurement  of  vortex  velocity  necessary  to 
establish  the  core  radius  is  sensitive  to  the  oscillation 
of  the  vortex  especially  when  probing  the  region  where  the 
velocity  reaches  its  maximum  value.  Other  data  indicate 
that  the  vortex  core  size  measured  from  wings  may  differ 
substantially  from  core  size  of  vortices  generated  by  rotor 
blades . 


Because  of  this  variation  in  the  published  core  size  data, 

the  numerical  calculations  have  been  carried  cut  for  three 

core  sizes,  .rcore  equal  to  .20,  .143  and  .08.  When  the 
chord 

vortex  is  very  close  to  the  blade,  Johnson,  Reference  12, 
showed  that  following  modifications  are  required: 


1  [liS  +  at  s'  (<Ei»/l0J  Cfl-  ^  )  (S’) 

Kea  =(rel-K*V/‘  CO 

♦it  t>„ 

rc  =  core  radius  of  vortex 
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5.3  mcSPIZlSXi  OF  m)assx  ragEaftCBIOBi  (Continued) 

She  velocity  change  at  the  blade  is  calculated  assnaing 
that  the  tip  vortex  is  an  infinite  line  vortex  of  finite 
core  size  located  at  a  distance  h  below  the  blade  as  given 
in  the  expression  above.  The  vertical  component  of  the 
velocity  resales  in  a  change  of  both  the  total  velocity 
perpendicular  to  the  blade  and  an  angle  of  attack  change. 
The  first  results  in  a  change  in  Mach  number  and  a  signi¬ 
ficant  chordwise  shift  in  the  shockwave  When  the  blade 
segment  is  at  or  near  the  critical  Mach  number.  The  data 
of  Reference  10  indicate  that  only  slight  changes  in  shock- 
wave  position  occur  due  to  changes  in  the  angle  of  attack. 

TO  properly  evaluate  the  influence  of  these  localized 
changes  in  flow  conditions  created  by  the  proximity  of 
a  tip  vortex,  airfoil  chordwise  pressure  distributions 
were  required  for  a  range  of  Mach  numbers  and  angles  of 
attack.  Since  experimental  pressure  data  for  the  Boeing- 
Vertol  airfoil  section  BV23010-1.58  was  not  available  for 
the  wide  range  of  Mach  numbers  and  angles  required,  theo¬ 
retical  pressure  distributions  were  obtained  from  the 
Boeing  computer  program  TSONIC  for  the  mixed  subsonic- 
supersonic  flow.  The  composite  plots  of  upper  surface 
pressure  distribution  obtained  from  the  program  indicate 
the  magnitude  of  the  loading  changes  associated  with  the 
shock  motion.  Figures  5.12  to  5.15.  The  change  in  normal 
force  coefficient„dCN,  between  two  Mach  numbers  is  equiva¬ 
lent  to  the  difference  in  area  under  the  respective  Mach 
number  curves.  Figure  5.16  presents  the  changes  in  normal 
force  coefficients  computed  from  the  data  of  Figures  5.12 
through  5.15.  The  reference  Cjj  value  at  each  angle  of 
attack  was  obtained  from  the  pressure  distribution  which 
indicated  no  shock  formation.  With  the  finite  number  of 
data  obtained  from  TSONIC,  the  reference  CN  value  for  each 
angle  of  attack  could  not  be  pinpointed  accurately.  The 
change  in  Cn  with  Mach  number  is,  therefore,  assumed  linear 
and  is  based  on  the  higher  Mach  number  curves  where  the 
shock  wave  is  well  established. 

The  analytical  expression  for  the  vortex  position  as  a 
function  of  blade  azimuth  and,  thereby,  time  can  be  com¬ 
bined  with  the  theoretical  velocity  induced  by  a  vortex 
core,  to  produce  a  variation  in  velocity  locally  on  the 
blade  as  a  function  of  time.  This  change  in  velocity 
and,  thereby,  Mach  number  with  time  produces  a  change  in 
pressure  or  normal  force  as  indicated  in  Figure  5.16.  The 
resulting  short  time  duration  pressure  pulse  has  been 
identified  in  test  recorded  waveforms  of  hover  banging 
data. 
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5.3 


MECHANISM  OF  VORTEX  INTERACTION  (Continued) 
Sound  pressure  Level 


5.3.1 

The  sound  pressure  corresponding  to  the  change  in  lift  was 
obtained  from  the  acoustic  theory  presented  in  Section  3 
earlier  in  this  report. 

r  r 

[  4TT  rV. 

i  CF  •  r 

+  4tt  (\  -nr  f  rx  C  r 

Only  the  first  two  terms  on  the  right  hand  side,  yf 
and  ,  are  due  to  changes  resulting  from  the  shock 

motion  and  contribute  to  the  impulsive  noise.  The  other 
two  terms  are  rotational  noise  terms.  The  sound  pressure 
in  the  above  equation  is  that  measured  at  the  observer 
while  the  square  bracket  indicates  that  all  of  the  terms 
are  calculated  at  the  point  where  the  sound  is  generated. 
The  vector  r  is  the  distance  from  the  source  to  the  obser¬ 
vation  point  and  the  term  M^  is  the  component  of  the  Mach 
number  in  the  direction  of  F. 

5.3.2  Calculation  of  Sound  Pressure  Level 

The  analytical  model  for  the  single  rotor  hover  impulsive 
noise  postulated  has  been  applied  to  two  cases  monitored 
during  acoustics  tests  of  a  three-bladed  CH-47  rotor  con¬ 
ducted  by  Boeing- Vertol  in  1968.  The  two  data  points 
selected  are  located  on  the  noise  criteria  plot  of  Figure 
5.17  as  test  points  43  and  14.  Test  point  43  was  sub¬ 
jectively  rated  as  a  heavy  banging  point  and  is  located 
close  to  the  impulsive  noise  boundary.  Test  point  14 
showed  no  indication  of  banging,  however,  it  does  have  a 
reasonable  blade  loading  as  reflected  in  the  lift  co¬ 
efficient. 


For  these  two  test  conditions,  calculations  ^ave  been  made 
of  vortex  position,  induced  velocity,  and  sound  pressure 
level  as  outlined  in  previous  paragraphs.  Table  5-1  sum¬ 
marizes  the  blade  characteristics,  the  test  conditions  along 
with  the  principal  numerical  results  from  the  computations 
for  three  assumed  core  sizes  (r^/c) .  The  strength  of  the 
tip  vortex  is  relatively  more  significant  for  TP14  and  the 
amplitude  of  the  apparent  oscillation  is  greater.  However, 
the  Mach  number  in  the  vortex  interaction  region  is  small 
and  the  increase  in  Mach  number  due  to  the  vortex  inter¬ 
action  does  not  result  in  an  attached  shock. 


5.3  MECHANISM  OF  VORTEX  INTERACTION  (Continued) 

5.3.2  Calculation  of  Sound  pressure  Level  (continued) 

The  calculated  sound  pressure  levels  for  both  banging  and 
non-banging  test  points  are  lower  than  the  measured  overall 
sound  pressure  level  at  these  two  conditions.  This  was  ex¬ 
pected  since  only  the  two  terms  relating  to  the  shock  motion 
in  equation  (8)  were  used  in  these  computations.  The  sig¬ 
nificant  result  of  the  computation,  however,  is  the  agree¬ 
ment  between  the  calculated  and  measured  increment  between 
banging  and  non-banging  conditions,  especially  for  the 
smaller  core  size  assumptions. 

Since  the  calculated  values  represent  an  impulsive  type  of 
loading  this  would  evidence  itself  as  a  growth  in  many  har¬ 
monics  of  the  airload  on  the  blade  and  hence  of  the  acous¬ 
tic  radiation.  The  distribution  of  this  energy  and  there¬ 
fore  the  spectral  distribution  of  the  change  in  acoustical 
signature  cannot  be  accounted  for  at  the  present  time. 

The  proposed  mechanism  of  single  rotor  impulsive  noise 
based  on  the  interaction  of  a  trailed  vortex  with  the 
following  blade  and  the  resulting  production  or  displace¬ 
ment  of  a  shock  wave,  however,  has  lead  to  a  reasonable 
prediction  of  the  peak  to  peak  value  pressure  pulse  asso¬ 
ciated  with  hover  bang.  A  more  rigorous  methodology  for 
computing  this  increment  in  sound  pressure  level  would 
require  improvements  in  the  state-of-the-art  of  predicting 
vortex  geometry  and  trajectory. 


0E-47C  Brctor  System 
Steiri&er  of  Blades  =  3 
gsdins  =  3®  ft. 


TABES  5-1 


Chord  =  25.25  inches 

Solidity  =  .067 

T»ist:  =  -9.14  degrees 

Test  Point  43  Test  Point  14 

“Banging"  "Kon-Banging” 


Tfo-gst  -  lbs. 

22007 

20006 

Cjr> 

.00567 

.00673 

Tin*  Snead  -  EPS 

754 

660 

Tip  Mach  Esnfiier 

.682 

.597 

(Spocmd  Wind  —  KSS 

SCaan  position  of  Vertex 

10 

10 

Below  Following  Blade  - 

Inches 

14.2 

17.5 

Anplitcde  of  Vortex 

•^Oscillation "  -  Inches 
Sadia?  pos-stion  of 

23.7 

34.7 

Intersection  —  x/R 

.93 

.93 

local  HScss  EtHEjer* 

.633 

.55 

Eocal  lift  Coefficient 

.567 

.667 

local  Angie  of  Attach* 

4.5 

&SPL 

5.7 

Calculated  sound  pressure 

level  SP2,  -  db  ^c/c  -  .08 

97.9 

11.1 

86.2 

*c/c  =  .143 

94.7 

11.3 

83.4 

rc/c  =  .20 

89.2 

6.5 

82.7 

Measured  Overall  SPA  -  cb 

([Average)  (peak  to  Peak) 

119 

12 

107 

(**  The  35ach  masher  and  angle  of  attack  distribution  along 
the  blade  'were  obtained  fron  the  Boeixg-Vertol  hover 
and  axral  flight  analysis  computer  program,  B-92. 
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THRUST  =  27,000  POUNDS 

Vt  =  750  FEET  PER  SECOND 
Nr  =  239  RPM 


3  Bladed  Rotor 
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APPENDIX 


WHIRL  TOWER  FREQUENCY  CALIBRATION 


A  major  concern  in  recording  data  when  measurements  of  noise 
are  made  near  the  ground  plane  is  the  influence  on  a  par¬ 
ticular  microphone  of  the  combined  wavefront  from  incident 
and  reflected  waves.  The  Reference  1  program  utilized  cor¬ 
rections  to  the  measurements  based  on  rotor  noise  as  a 
source  being  similar  to  the  impulse  generated  by  the  firing 
of  a  blank  pistol  cartridge.  This  method,  while  simulating 
impulse  wavefronts,  does  not  allow  for  phase  changes  in  re¬ 
flected  rays  based  on  frequency  of  an  arriving  front  and 
does  not  totally  explain  differences  between  theory  and 
data,  it  was  desired  to  perform  a  more  detailed  acoustical 
calibration  of  the  whirl  tower  by  single  frequency  and  then 
apply  these  corrections  to  the  data  prior  to  correlation 
with  predictions. 

The  frequency  calibration  performed  as  part  of  this  program 
did  not  explain  the  remaining  differences  between  data  and 
predictions  and  this  may  be  due  to  the  following  factors. 
First,  for  simplicity  the  source  of  noise  used  consisted 
of  a  speaker  mounted  at  the  rotor  hub  and  not  along  the 
blade  radially  where  the  source  of  the  noise  occurs  during 
rotor  operation.  If  blades  had  been  available,  mounting 
of  a  speaker  along  the  radius  might  have  been  considered. 
Second,  the  source  of  noise  consisting  of  pure  tones  rather 
than  broadband  impulse  noise  gives  rise  to  corrections 
which  are  likely  to  be  invalid  for  rotor  noise  which  is 
a  pulsed  source  consisting  of  a  broad  range  of  frequencies. 

It  must  be  assumed  that  a  calibration  combining  the  correct 
source  location  with  a  pulsed  broadband  source  would  achieve 
the  desired  correction  for  the  tower  data. 

From  the  above  it  also  appears  that  if  data  is  being  taken 
for  the  purpose  of  scientific  investigation  of  rotor  noise 
that  microphones  mounted  in  the  ground  plane  may  be  pre¬ 
ferable  to  avoid  distortion. 

The  test  setup  which  was  used  to  accomplish  this  is  shown 
in  Figure  1-1.  Pure  tones  of  noise  were  used  for  the  cali¬ 
bration  over  a  range  of  frequencies  beginning  at  100  Hz 
and  extending  to  about  5,000  Hz.  A  speaker  was  mounted  on 
the  rotor  hub  and  oriented  toward  the  ground  microphones. 

A  microphone  was  located  near  this  source  as  shown  in 
Figure  1-1  to  monitor  the  level  of  the  source.  A  micro¬ 
phone  was  placed  on  a  tripod  at  the  height  and  location 
where  measurements  were  recorded  for  the  Reference  1 
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program,  and  also  as  close  to  the  ground  plane  as  possible 
at  the  point  where  the  reflected  wavefront  for  the  data 
microphone  intercepted  the  ground  plane.  In  addition  a 
fourth  microphone  was  located  along  the  wavefront  midway 
between  the  ground  and  data  microphone.  Although  not  re¬ 
quired  for  this  program,  data  from  this  latter  microphone 
could  be  used  to  verify  the  calibration  corrections  for 
the  data  microphone,  even  though  it  contains  a  phase  angle 
shift. 

Tapes  of  pure  tones  were  played  on  an  Ampex  SP-300  tape  re¬ 
corder  and  the  output  was  put  through  a  power  amplifier  to 
the  tower  speaker  as  well  as  to  one  channel  of  an  Ampex 
AR-200  tape  recorder.  The  tones  generated  wers  at  the  1/3 
octave  band  center  frequencies,  and  were  approximately  35 
seconds  in  length.  Due  to  limitations  of  the  speaker,  tones 
below  ICO  Hz  at  a  suitable  level  were  not  reproducible  and 
corrections  below  this  frequency  are  not  available. 

Microphone  3,  Figure  1-1,  records  only  the  incident  wave- 
fronts  from  the  speaker,  while  microphone  1  records  both 
incident  and  reflected  waves.  Therefore  the  difference  in 
data  of  4-3  from  4-1  (or  1-3)  is  due  to  reflection  and  is, 
by  definition,  the  correction  which  should  be  applied  to 
the  data  microphone  to  obtain  free  field  levels.  A  very 
small  correction,  +0.5  dB,  should  also  be  applied  to  the 
difference  in  level  of  microphone  4  to  microphone  3  before 
it  is  subtracted  from  the  level  difference  between  micro¬ 
phone  4  and  microphone  1  since  microphone  4  is  positioned 
7.9  feet  short  of  microphone  1. 

Figure  1-2  compares  the  level  difference  between  microphones 
4  and  3  with  the  level  difference  between  microphones  4  and 
1.  Note  that  the  ground  microphone  amplitude  (4-3)  is  rela¬ 
tively  constant  with  frequency  while  the  data  microphone 
(4-1)  displays  a  large  amplitude  variation.  The  difference 
between  microphones  1  and  3  is  plotted  in  Figure  1-3. 
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